METHODS AND MATERIALS
Preparation of tissue slice : The oxygen absorption of brain cortical slices with or without electrical stimulation was observed for a period of 30 minutes with Warburg's constant respirometer determining at the same time the chemical changes brought about by metabolism in the slices during this period in the metabolites (inorganic phos phate, lactic acid). Throughout all the experiments, we have always simultaneously car ried out the control experiments with slices obtained from the same cerebral cortex and incubated in normal medium corresponding to each stimulated and unstimulated slice in abnormal environments.
Therefore , on account of such experimental system, we would need four specimens of cortical tissue slice; such material would have to be obtained from the same cortex at the same time and it would be necessary for each specimen to In short, all the slices in each group need to exist under the same circumstances until the beginning of the experiment. Therefore, the slices were kept in a side chamber of the vessels with 0.2 ml of normal medium during the preincubation period, and were converted to the main compartment with the conventional procedure about 3 minutes before the preincubation period ended. In such cases, the same procedure was employed in the control experiments also, in order to equalize the experimental conditions. This experimental procedure was actually fully available as shown in the next section. Thus, in this experimental system, at least four groups of slices were necessary. However, this system can not be technically employed for the experiment in such medium as sodium or potassium-free medium, for which the six groups are necessary.
well-trained workers placed each hemisphere, divided surface downwards, on a sheet of filter paper soaked with normal medium and spread on the surface plate of a glass box filled with ice-cold water. It was covered over with heavy vellum paper, moistened with normal saline solution, and fastened lightly with two fingers at both ends of the papers. We used vellum paper which was exposed for one hour at 40'C to normal medium with out glucose, washed with distilled water and dried. The slices were cut by hand with a safety razor blade lubricated with normal medium. The cut slices were floated from the safety razor to the dish of the normal medium kept in a tray of ice-cold water. They were cut off at the frontal plane from the occipital part to the anterior in a thickness of about 0.3 mm. About 2 mm of the tissue was discarded from the occipital pole in one of the hemispheres, after which the first slice was placed into the petri dish filled with normal medium. 4 were used in case of a type of experiment which has to be distributed into six groups, as the groups of slices for preincubation) and the remaining two groups were used as groups of slices for non-stimulation. In types of experiment where the slices were converted from the side chamber, dish No. 3 was not always necessary, but in the present experiment we always used this group as a reference. Each group finally consisted of eight slices. These cortical slices were carefully trimmed inside the medium of each dish with a finely pointed pincette along the outer surface of the white line of corpus callosum. This location is most easily trimmed macrosco pically. Thus, the shape of the slice was mostly crescent or arched. Slices of each group were slid from the medium, on the point of the pincette, onto the glass plate, and drained on the glass by removing the adherent fluid with the torn bits of filter paper; they were then transferred to the round plastic plate weighing 160 mg and, after weighing by torsion balance, were transferred to the conical respirometer vessels in which the corresponding medium had previously been kept in a tray of ice-cold water; therefore, the tissue slices were floating freely in the medium inside the vessels throughout the experiment. The vessels were attached to the manometer of the respirometer and put into the thermostat at 37.5°C after oxygen was passed to vessels for 2 minutes with occasional manual shaking. The above manipulations were conducted co-operatively by 2 well-trained work ers, yet about 15 minutes were required in the process from decapitation to the weighing of the slices ; therefore, the slices swell, due to fluid uptake to the extracellular space from the medium during this time (4) . However, the fluid uptake during the preparation of slices was found to be in the non-inulin space and this was said to imply intracellular changes (5 Manometric measurement : Vessels were allowed to equilibrate by shaking them for 20 minutes until the preincubation ended. Usually the rate of shaking employed was 100 three centimeter strokes per minute. After shaking them for 5 minutes in the bath, the vessels and stoppers were worked in firmly. The contents of the side chambers in the vessels, when necessary, were added to the main compartment with the conventional pro cedure about 3 minutes before the stopcock was closed at the end of the preincubation period ; the manometer fluid was adjusted to zero point on the closed side of the mano meter with the stopcock open. The stopcock was closed and the reading started. At this time, vessels for stimulation were connected with the stimulator, and electrical pulses were sent to the tissues inside the vessels. Immediately after closing the stopcock, the vessels used for the determination of chemical changes during the preincubation period were removed from the bath and 3 ml of 16% trichlor acetic acid previously chilled ice water were immediately added ; the contents of the vessels were put into a test tube homogenizer placed in an ice-cold bath and homogenized for one minute. The homo genate was then filtrated into the test tube placed in ice-cold water. The aliquot of the filtrate was determined chemically. The manometric readings in the experiment sub sequent to preincubation were usually carried out twice at 15 and 30-minute intervals. At the end of the 30-minute incubation period, after the manometer readings were made the vessels were removed from the bath immediately; the following treatments are the same as those used in the vessels for preincubation.
Vessels : The vessels used were usually conical, of about 20 ml, equipped with a side chamber of about 3 ml, and with a center well in which placed a small roll of filter paper, soaked with 10 per cent KOH as CO,-absorbent. The bottom of the side chamber was slightly flattened so that the content could be easily shaken. The vessels and mano meters were calibrated with Hg by the usual method ; for example, the flask constant : 2.13, 2.12 for the vessels of stimulation, and 2.16, 2.15 for the non-stimulation. Type F (6) concentric vessels were used for those being applied electrical stimulation. Molyb denum wires of 0.5 mm in diameter were used throughout the electrodes in the vessels. In all cases, lead-in wires ran into the vessels from the side arm which is of capillary tubing and which could be filled with mercury. An exposed tip of shield copper wire leading to the plug fitted on the manometer holder was in this side arm, and copper wires were connected to the stimulator from this joint. One side of the wires inside the vessels was run around the outside of the center wall at the bottom, and the other side of the wires was bent in a circle to run close around the inside wall at the bottom of the vessels. Both molybdenum wires made gas tight joints with the glass wall of the vessel from both sides of the vessels , and were exposed for a few millimeter in the side arm to contact with mercury in the side arm. The glass side arms rise above the level of water in the thermostat. These vessels were made to order by glass workers. We wanted to have four vessels as uniform as possible in one set but it was very difficult to get this uniformity. The molybdenum wire inside the vessels and the side arms had to be cleaned from its adherent surface film with warmed Aqua regia. Thus, the molyb denum wire used in the vessels must be of silver white lustre throughout its entire length. However, to clean every time with Aqua regia would quicken the deterioration of the vessels for stimulation. Therefore, we washed them with warmed Aqua regia sometimes, but we usually soaked the vessels in chromic acid mixture for about 30 minutes after the experiments to wash the vessels as well. It has been reported that in the vessel containing only the medium and electrode, a small pressure increase occurred momentarily from the heat caused by electric current, but which returned to its original level as soon as the current was switched off and showed no progressive change (7) . The molybdenum electrode was said to be free from the danger of causing gas changes (6) . However, in the present experiment, it seems that momentary pressure changes did occur sometimes, as reported. Besides, we have also observed a progressive pressure decrease in the vessel which contains only the medium and electrode; such pressure decrease was 2 or 3 mm of manometric fluid for a period of 30 minutes under the present experimental circums tances. However, it is unknown whether this progressive pressure decrease occurs in the same way when the slices exist. In short, this decrease may be within the limit of ex perimental error for most of the cases under stimulation.
Composition of medium : The normal medium in all control experiment finally contain ed : 127 mm-NaCl, 5.65 mm-KCI, 3.02 mm-CaC12j 1.41 mM-MgSO4 and KH2PO4, 50 mM glycylglycine brought to pH 7.4 with 1 N-NaOH and 20 mm-glucose (Usually pH examination by test papers, sometimes potentiometrically by glass electrode). The pH of normal medium for slices in the side chamber was especially adjusted to 7.6. The abnormal medium consists of the following compositions respectively: In Na-free and Na-low medium, the part of the tonicity contributed by NaCI was replaced by equimolar concentration of choline chloride. In this case the pH of which had been adjusted (as usual) with KOH and the corresponding amount of KCI was omitted from the medium. In preparing a potassium-free and -deficient medium, potassium was replaced by equimolar concentration of NaC1. In this case potassium phosphate in normal medium was replaced by sodium phosphate and pH had been adjusted with NaOH. In NaCl and CaCl2-free medium, the tonicity contributed by NaCI and CaC12 was replaced by choline chloride. The adjustment for pH was made by KOH. Additional potassium , sodium or calcium was added to the medium as KCI, NaCI or CaC12 dissolved in 0 .3 ml normal medium from side chamber so as to obtain the corresponding final concentration , but in this case the changes in tonicity contributed by added KCI or NaCl were not corrected. In all cases throughout the experiments, each vessel was adjusted to contain the final volume of 3 ml of medium.
Electrical stimulation : In order to get the applicable stimulator device , we have received much helps from the report of Ayres et al. (6) and from electronic experts . One of our colleagues, Morikawa (8) has already reported on the detailed circuit diagram of the present apparatus. This apparatus is made of two parts, that is, the condensor pulse generator and monitor (Brawn tube) ; the generator gave pulses of time-voltage relation ship at a rate of 120/sec and the waveform delivered to the vessels was always monitored by oscilloscope during the experiment. The pulses were of AC type, DC compenents were not included. The power supply was obtained through the conventional fullwave rectifier circuit from the commercial AC 60 c/sec and the output voltage was controlled with variable resistance. The frequency was fixed at 120/sec through the vibrator which gave the alternating type of pulse. The duration of the pulses was controlled by select ing the number of the four 4,"F condensors arranged parallel to each other by capacitor switch, and by variable series resistance connected in series with vessels, by which fine adjustments were allowed to a certain extent. Thus, the time constant was measured by the monitor along with the waveform. The peak voltage of the pulses was adjusted by variable resistance and measured by balancing it against a bias voltage , the value of which was determined by a meter and monitor. This instrument was able to stimulate 3 vessels in parallel at the same time. but usually we stimulated the two vessels through 3 capacity condensors. That is, throughtout all the present experiments , the peak poten tial was 5.0 volts, the time constant 0.4-0.5 msec, and the frequency was 120/sec .
Chemical determinations : In the determination of inorganic phosphate and lactic acid , 1 ml (sometimes) if necessary, 2 ml) of the 8% tricalor acetic acid filtrate stated above was used. The method of chemical determination of orthophosphate was according to Takahashi's modification (9) of the Berenblum and Chain's method (10) : 4 ml of isobu tanol were added to 1 ml of 20% molybdenum acid and 1 ml of 1.5 N-H2SO4 and 1 ml of protein-free filtrate was added to this and shaken; 2 ml of this isobutanol were taken and 2 ml of 0.5% ascorbic acid and 1 ml of ethanol were mixed into this; this mixture was colored by warming for ,30 minutes at 37.0'C; after cooling to room temperature, it was determined colorimetrically by a photoelectric colorimeter (650 men) . However, when this method was used, the choline chloride quantitatively hindered the color develop ment and this was corrected by the standard curve obtained from the standard phos phate solutions which contained the equimolar concentration of choline chloride used in this experiment. For reference, we measured also the inorganic phosphate ordinarilly included in the medium itself used in each experiment. We used the Barker-Summerson's method (11) for lactic acid : one milliliter of protein-free filtrate was added to 1 ml of 20% copper sulphate solution and with the addition of water the total volume was brought to 10 ml, to which approximately 1 g of powdered calcium hydroxide was added ; the supernatant fluid was used for the final color development as in Barker-Summerson's routine method (560 mp).
RESULTS
Control experiment : Individual variations always accompany the results of experiments so long as biological materials are used, whether it be in vivo or in vitro . In experiments such as in the present investigation, we can not avoid individual variations.
Besides, it
was said that after the preparation of separated mammalian cerebral cortical tissue, the tissue reached approximate stability in its Na, K and Cl ions about 15 to 30 minutes after it was incubated by oxygenated glucose-containing medium (12) ; Pappius et al. (13) have also reported on the same tendency concerning K ion and stated that such an equi librium state continued for about 60 minutes; the reappearance of the resting membrane potential in cerebral tissue in vitro also required some 20 to 30 minute incubation (14) . Thus, it seems that the tissue in vitro requires incubation for a certain interval of time before it reaches astate of equilibrium.
Under this consideration, as stated in a previous section, we always experimented with four groups of tissue slices as one experimental set throughout the present experi ments. In other words, the four experiments were carried out at the same time. That is, two of four groups of tissue slices were designated for the control experiments under the normal environment in both the presence and absence of stimulation; to the remaining two groups, the adequate experimental environments were given in accordance with the aimed experiments.
The present experiments were always carried out under such an experimental system, but before doing this, it may be necessary to examine experimentally that the latter groups of tissue slices show about the same respiratory and metabolic activity as the groups of tissue in the respective control experiments in both the presence and absence of stimulation when incubated under the same conditions with the control experiment. Table 1 shows this. Expt. la shows the mean value of the four examples obtained from the tissues suspended in the main compartment during the preincubation period. Expt. lb shows the mean value of the four examples obtained from the cases in which the tissue slices were suspended in the side chamber during the preincubation period and transferred to the main compartment about 3 minutes before the pre incubation period ended.
In the respective experiments , the oxygen uptake, inorganic phosphate formation and lactic acid production of the two groups of tissue without elec trical stimulation were on about the same level and the responses of the oxygen uptake and metabolism caused by the two groups of tissue slices which stimulation was applied were also almost the same. In other words, the difference in the two groups of slices with or without stimulation was very small; these differences could probably be consider ed as being within the range of allowance for experimental errors. The 95% codfidence interval for these differences were recorded in the table respectively. Thus , it was shown that such an experimental procedure could fully be available in practice . Accordingly, because it was possible to carry out simultaneously the control experiments by employ ing such experimental procedures in both the presence and absence of stimulation , it is believed it was helpful to diminish greatly the importance of the errors introduced by the individual variations.
It is now evident that separated cerebral cortical tissue under normal environment increases the oxygen uptake, formation of inorganic phosphate and production of lactic acid by applying the adequate electrical stimulation, and causes swelling due to the fluid This difference was corrected in each case. Except for the experiments with NaCI-free medium, we used procedure of suspending the tissue slices in the side chamber during the preincubation period and transferring them to the main compartment about 3 minutes before commencing the experiment.
On the one hand, as shown in Table 2 , when the sodium concentration of external medium was gradually increased from zero to 133% NaCI hypertonic medium, the un stimulated tissue in the media from 33% NaCI medium to NaCI-free medium lowered each level of oxygen uptake, inorganic phosphate, and lactic acid in correspondence with the concentration of NaCI in the outer fluid, as compared with that of the control experi ment, and it reached the lowest level in NaCI-free medium ; that is, the differences in the levels of control experiments were decreased about 8.6 "mole/g in oxygen uptake, about 1.26 ,"mole/g in inorganic phosphate, and about 2.7 ,"mole/g in lactic acid (Expt. 2a). These decreases are probably statistically significant because the differences were far beyond the 95% confidence intervals for the mean of differences shown in Expt. la in the phosphate formation, and lactic acid production in correspondence with the increase of external sodium concentration (Table 2) ; and the greatest responses were obtained in normal medium; in hypertonic medium containing 133% NaCl, the respiration and meta bolism induced in the tissue were almost comparable to those in the control experiments.
In medium containing NaCl in 20 mm, the respiratory and metabolic responses of the stimulated tissue did not rise above the levels in the unstimulated slices in normal medium, except for lactic acid (Expt. 2b) ; in medium containing 33% NaCI, the respi ratory and metabolic responses of the tissues exceeded by about 10 to 20% the unstimu lated tissue in normal medium (Expt. 2c). The results mentioned above were illustrated in Fig. 1 . Then, as shown in Table 4 , the respiratory and metabolic effects of potassium noted above were dependent on the presence of external sodium because if sodium was removed from the medium, potassium had no significant effect on the metabolism, whether stimula tion was applied or not or whether the potassium added was more or less (Expt. 4a, 4b;
Expt. 2a, Table 2 ) ; that is, the tissue in such cases was in a situation comparable to the tissues in NaCl-free medium only. However, addition of external potassium in 21 mm or 50 mm to the normal medium or 33% NaCI medium caused the respiratory and metabolic increases in the unstimulated tissue, while it is presumed that the responses to stimulation were probably depressed, as mentioned above. However, if the external potassium is increased, it seems that it is not necessary to increase the external sodium in more than about 33 per cent (Expt. 4c, 4d; Expt. 3e, 3f, Table 3 ; Expt. 2c, Table 2 ). Calcium : Rejecting both sodium and calcium from the medium by the replacement of the equimolar concentration of choline chloride, as shown in Table 5 , raised each level of oxygen uptake, lactic acid and inorganic phosphate in the unstimulated tissue far higher than that in the tissue in NaCI-free medium alone (Expt. 5a; Expt. 2a, Table 2 ); the stimulated tissue also raised the respiratory and metabolic levels to about the same level of the unstimulated tissue (Expt. 5a). Thus, in this case, the stimulation had no effect on the tissue metabolism.
When the external sodium was present, that is, in 33% NaCI medium or normal medium without calcium, the unstimulated tissues caused greater increase in oxygen up take and lactic acid than in 33% NaCl medium or normal medium (Expt. 5b, 5c) and such increases may be regarded as the accumulation of the rough equivalents of the increments caused by the further removal of calcium in NaCI-free medium to the respective levels in 33% NaCl medium or normal medium (Expt. 5b, 5c; Expt. 2c, Table 2 ). The inorganic phosphate level only unusually rose slightly. These facts indicate that the removal of calcium did not affect the respiratory and glycolytic metabolism dependent on the pre sence of the external sodium, except for inorganic phosphate which, when sodium was externally added in more than a certain concentration, reduced to about one-third of its increment induced in the tissues without both external sodium and calcium. The res ponses to electrical stimulation increased about to such an extent that the equivalents of the metabolic increments induced in the tissues in medium which lacked both sodium and calcium were accumulated to the responses to stimulation (Expt. 5b, 5c; Expt. 2c, Table 2 ); also in this case, inorganic phosphate :continued to increase scarcely. Next, the addition of calcium salts to two times their concentration in the normal medium, if the external sodium was removed, had no perceptible effects on the metabolism of the tissue in NaCl-free medium (Expt. 5d; Expt. 2a, Table 2 ). In normal medium or 33% NaCI medium containing two-fold calcium concentration in normal medium, the un stimulated tissue did not bring about any change in metabolism, but the stimulated tissue appeared to slightly lower the respiratory and metabolic responses (Expt. 5e, 5f; Expt. 2c, Table 2 ), but these differences were about within the 95% confidence intervals shown in Expt. lb in Table 1 , or in Expt. 2c in Table 2 .
Choline chloride : The absence or deficiency of sodium or calcium, which we have mentioned, were replaced by an equimolar concentration of choline chloride. Therefore, it may be necessary to state the effects of choline. Table 6 shows this. In this experi ment, the choline chloride was tipped into the main compartment from the side chamber so as to obtain the final concentration of 42, 85 or 127 mm. In these cases, the tissues were always immersed in normal medium, but the changes in tonicity due to choline chloride were not corrected. Choline chloride in each concentration scarcely affected the respiration and metabolism in the unstimulated tissue, compared with those in the control experiments. In the stimulated tissue, choline chloride in 127 mm depressed the res piratory and glycolytic responses by about 8% and 22% respectively, compared with those in the control experiments, and choline in 42 mm showed only a small suppression within the experimental allowance; the depression in the response of inorganic phosphate was very small, being about 4% in 127 mM-choline chloride; the response of lactic acid appeared to be somewhat affected in the high concentration of choline (Expt . 6a, 6b, 6c), Takagaki and Tsukada (17) were also reported that the unstimulated oxygen uptake of brain in vitro was not influenced by a removal of sodium from the medium. Hertz and Schou (18) showed that choline did not fulfill the osmotic function only, and that there was no change in oxygen uptake in the cerebral tissues even when the sodium in the medium was completely replaced by choline. The respiratory change caused in the un stimulated tissue is originally small, but these above observations concerning the respira tion are incompatible with the present result . However, in general, judging from the present data obtained by choline chloride, compared with the results of control experi ment, it may be said that choline does not probably effect any remarkable influence on the results of the present studies, except for the result of lactic acid which appears to be slightly affected in the high concentration of choline. (21--23) . A certain small amount of external sodium was necessary in the establishment of resting membrane potential in mammalian cerebral cortical slices, and when the medium was deprived of sodium, the resting potential was not observed (14) , but the external sodium over a certain critical concentration scarcely affected the resting potential (14, 21) . In the same way, the production of action potential required the existence of external sodium and its concentra tion difference across the membrane, and the changes in the action potential were dependent on the external sodium concentration (21, (23) (24) (25) . Besides, a certain amount of the external sodium was necessary in maintaining respiration and metabolism and responding to stimulation in cerebral cortical tissues in vitro (16, 18, 19, 26) . It seems that the lack of glucose and oxygen in external medium and the replacement of sodium salts by potassium reduced the resting membrane potential in cerebral cortical tissue in vitro (27) . Lundberg and Oscarsson (28) said that the entry of sodium was important in the anoxic depolarization of the spinal roots. The present results showed that the lack of the external sodium always caused the lowest levels of respiration, lactic acid and inor ganic phosphate of the rat's cerebral cortical slices whether or not stimulation is present, and did not allow the tissue to respond to electrical stimulation ; if such facts indicate that the tissues became inexcitable, it means that 20-30% the resting metabolism of the cortical cell which was dependent on the presence of external sodium would be probably involved in excitability, and that the remaining 70-80% metabolism were unrelated to excitability. Furthermore, in the present experiment, when sodium was added to the external medium, the respiratory and metabolic levels of the unstimulated tissue were raised parallel to the addition of external sodium. In the absence of electrical stimula tion, these levels of the tissue in 33% sodium medium reached to about the same levels as those in the tissue in the normal medium, and the external sodium concentration above 33% sodium were of no effect. However, in the presence of electrical stimulation, although the starting point was the same as that of the unstimulated tissue, the responses to stimulation in the same external sodium concentration were comparatively greater than the levels in the unstimulated tissue, and the respiratory and metabolic responses greatly increased in correspondence to the external sodium concentration and , under the cir cumstances of the present experiment, showed the highest responses in normal medium. These experimental facts are compatible with the many other experimental results stated above. It is clear that such metabolic changes probably owe their origin . to the move ment of external sodium, and it could be said to be metabolism dependent on the presence of external sodium. As will be stated later , the external potassium or calcium by itself was metabolically inert. In muscle fibers, about one-third of its resting metabolism was considered to be con tributed by the activity of sodium pump (29, 30) ; Keynes and Maisels (31) showed a view that 'about one-tenth 'of the energy of the resting metabolism in the muscle was utilized in the active extrusion of sodium , and that this was about the same in sepia axons also; Ling (32) also stated that the metabolic energy was required for the main tenance of the so-called A-potential in the muscles; accordingly, the present results which showed that the respiration and metabolism in the unstimulated tissue in sodium-free medium were reduced by 20-30% compared with those in the control experiments, may be considered to be a metabolism contributing to the energy necessary for sodium extrusion. From the point of view of ionic fluxes, the giant axons in the resting state, although it may be because it was not in a steady state, gained a little sodium and lost potassium at roughly the same rate, and by stimulation gained further more sodium and lost potas sium even more (33, 34) ; in the same way, the isolated guinea-pig cerebral cortical tissue also gained about an equivalent of Na ions concomitantly with the loss in K ions due to stimulation, and when the stimulation stopped, these ion movements were reversed (12, 35) . However, in the muscles, the fluxes of Na and K at rest were estimated to be approximately zero (36, 37) . Keynes (38) said that the potassium fluxes and the inward sodium fluxes across the resting membrane may have arisen from the diffusion of these ions along electrochemical gradient, but the greater part of the outward sodium fluxes was not considered to be due to the diffusion of free ions ; therefore, it was suggested that this evidence might be due to the operation of a sodium pump in the membrane. But , ac cording to Hodgkin and Keynes (39) , sepia axons, ;when external sodium was replaced by choline chloride, either in the absence of external potassium or in the presence of 10 mM-potassium, increased about one-third of the sodium efflux in normal sea water , and as this increased sodium efflux was inhibited by DNP, this was not a passive leak , or the exchange diffusion, or the exchange with choline . Keynes and Swan (40) also showed that when external sodium was replaced by choline, the freshly dissected frog muscle reduced the Na efflux to about half , and rougnly half the efflux of this lebelled sodium was involved in a coupled Na/Na exchange of the type proposed by Ussing; in K-free Ringer's solution or on cooling to 10°C or below, the response to Na-free solution disap peared. These two results appear to indicate that when external sodium was replaced by choline chloride, the part of the sodium efflux which seems to be involved in metabolism did not lessen or disappeared immediately. Furthermore , Hurlbut (41) indicated that in the desheathed frog sciatic nerve , the Na content and the Na efflux were linearly related to the Na concentration of the bathing solution . In the other results in the muscles and erythrocytes, it seems that Na efflux varies with external sodium concentration , or changes with the sodium content in the tissue (42) (43) (44) . Therefore, to try to explain the series of respiratory and metabolic changes induced in the unstimulated tissue by the low external sodium in the present experiments to the activity of Na pump seems to be difficult . On the one hand, when mammalian cerebral cortical tissues were incubated in sodium-free medium, both tissue sodium and potassium contents were reduced remarkably and at the same time, the oxygen uptake of the tissue (20) and respiratory response to electrical stimu lation (12) were also reduced; on the other hand , when incubated in oxygenated glucose containing medium after the preparation of the cerebral tissue slices , the slices gained sodium from the medium by exchange with tissue potassium and at the same time absorb ed sodium chloride with fluid uptake, and after 15-30 minutes the tissues reached approxi mate stability in its Na+, K' and Cl content (12) . Both of the above experiments seem to have been carried out under almost identical conditions, but considering both experimental results, the reduction of tissue sodium in NaCl-free medium may be attributed to the failure of sodium uptake; therefore, it may be that the reduction in respiration in this case is due to the failure of sodium uptake.
As will be stated in the next paragraph, the existence of the sodium-potassium coupled system could not be estimated from the present results. Then, the sodium influx, although a passive movement and not always in a linear manner, was said to vary with external sodium concentration (40, 42) . However, in the present experiment, the sodium efflux taking place in the unstimulated tissue in medium with little or no sodium should be considered to be a passive movement due to the disappearance of concentration gradient across the membrance.
Considering these above past and present results, in the absence or presence of electrical stimulation, the metabolic changes induced in the tissue with external sodium can hardly be considered to be contributed directly by the sodium pump. However, in the unstimulat ed tissue, the fact that no metabolic changes occurred with a concentration of over 33% of the normal concentration of external sodium, as will be stated later, may be because the inward movement of sodium is indirectly restricted by membrane potential. If it were so, we could not understand the fact in the present experiment that, when the external potassium concentration was altered, as will be stated in detail in the next paragraph, the metabolic responses to electrical stimulation were inversely depressed near to the levels in the unstimulated tissue, whereas the metabolic levels in the unstimulated tissue were considerably raised. In short, the metabolic sequelae are not simple metabolic illustrations of depolarization, but should be considered to reflect metabolically the excitation in res ponse to stimulation. From the point of view of metabolism, the findings reported in this paper seem to be more compatible with the hypothesis of adsorption rather than the permeability theory accepted widely today. Needless to say, the adsorption theory may be incomplete as an explanation of ion transport. However, as the adsorption equation of Langmuir can be transformed formally to the Michaelis-Menten equation, the sequence of metabolic changes in the present experiment seems to vary with external sodium in approximately Michaelis Menten fashion (as shown in Fig. 1) . Therefore, as the present experimental data ob tained from the separated cortical tissue slices without electrical stimulation show, it seems possible that a characteristic site with affinity for sodium exists in the cell membrane and its adjacent structure which is firmly connected with the membrane (although we are ignorant of cell membranes). And the adsorption of external sodium to such a site may make the sodium ion disappear and at the same time, make a separate, cationic complex molecule formation emerge. And we infer that these cationic complex molecules induce the metabolic effect. That is, in the normal resting state, most of the suitable binding site for sodium ion are occupied by potassium which is poor in metabotic effect, and sodium binding occurs only slightly. The reason is that the sodium binding at this site is considered to be dependent on the resting membrane potential and potassium state inside the cells. Yet, when the magnitude of the change in electric field due to electrical stimulation comes to a certain extent, the potassium which had occupied the sodium adsorption site in the resting state becomes dissociated and , in exchange with this, pro bably cause sodium adsorption ; this seems to be essentially identical also in the potas sium depolarization. Metabolic increase which originates in such external sodium ad sorption is anticipated to link primarily with operation of the active transport. However, there may be a view to couple this metabolic increase with the performance of osmotic work, but Frankenhauser (46) stated that the immediate effects of changes in osmotic pressure were equivalent to below 3 mV in driving force. The present supposition stated above may be undoubtedly crude and even speculative; however, Simon (47) suggested a cationic complex molecule formation in the cell ionic selectivity and Hashida (48) in the potential production in frog skin. And the metabolic response to electrical stimula tion (although this could not be clearly differentiated in the resting state) was shown to proceed along the Warburg-Dickens' pathway by one of our colleagues [see Kozawa, (49)]. The origin and its role of this metabolism are at present under study.
KCI: In this present experiment, the unstimulated tissue in potassium-free media only showed a tendency to increase slightly the oxygen uptake but raised the inorganic phosphate and lactic acid levels clearly. The deficiency of external potassium (0.7 mm) caused a decrease in these changes in the unstimulated tissue, but the responses to elec trical stimulation were greatly depressed near those in the tissue in potassium-free medium. Gore et al. (19) showed that the absence of potassium salt from the medium did not have any remarkable effect on tissue respiration and glycolysis but the inorganic phosphate level was lower than in tissue in normal medium, and the electrical pulses in the absence of added K' induced the normal rise in respiration and glycolysis . Because of the dif ference in the method of experiment, it was impossible to analyse in detail the discre pancy in Gore's data to the present result. It was stated that a rapid decline in the rate of oxygen uptake was seen when brain slices were incubated in potassium-free medium (18, 26) . Cummins et al. (35) reported that the lowering of tissue K of cerebral slices did not affect the respiration of the unstimulated tissue remarkably , and, in the stimu lated tissue, when the tissue potassium concentration was over approximately 25 Uequiv/g of K+, there was no change in the respiratory responses to that of normal condition (60 , eequiv/g) but when it was less than this, it lowered linearly down, and no respiratory response could be expected in a tissue without potassium, and the lactic acid accumula tion did not show a marked dependence on the potassium content of medium or of the tissue. The above results were probably in a line with the present observation concern ing respiration. Judging from the other potassium effects in the present experiment, the marked reduction in tissue potassium seems to antagonize the increase in the respiration, that is, it probably may have an effect somewhere on the respiratory chain. Hodgkin and Keynes (39) said that when the external K+ was removed from medium in sepia axons, Na+ efflux fell to about one-third that in normal medium and suggested that Na' extrusion was normally coupled with K+ uptake, and as this coupling was inter rupted by metabolic inhibitors, it was driven by metabolically derived energy. Such Na+-K+ coupled system was already shown in erythrocytes and many other tissues (42, 50, 51) , while, there are other reports showing that there is not always necessary postulate the existence of such cyclic system (37, 41, 51) . The present result also has not suggested the existence of such cyclic system, but rather showed an increase in metabolic and res piratory levels of the tissue in potassium-free medium. However, in this experiment, as we have suspended the cerebral tissue slice in potassium-free medium during the pre incubation period, it may be said that the tissue slices have lost tissue potassium appre ciably during this period (33, 35, 41) , and gained sodium (39, 41, 42) . Using tracers also showed that the sodium efflux of the muscle and sepia axon decreased in potassium-free medium (39, 40) . Considering these experimental facts, the present results of the rise in inorganic phosphate and lactic acid levels in the unstimulated tissue with little or no potassium are supposed to have been induced by the increase in sodium adsorption in the tissue ; on the contrary, the respiratory and metabolic responses to electrical stimula tion were remarkably suppressed; this increase in sodium adsorption in the unstimulated tissue would have inversely reduced the responses to electrical stimulation. Hillman et al. (14) observed that the resting membrane potential of guinea-pig cerebral slice incubated in normal medium was of about 50-60 mV and when the potassium concentration of the bathing fluid was increased above its normal value of 6.2 mm, the tissue potential diminished and fell to zero with about 20-50 mm-K+ in the outer medium ; below 6.2 mm-K' tissue potential also fell and could not be recorded in media of 1 mm-K+, when the tissue contained 44 aequiv K/g. According to this observation, the membrane poten tial seems to decrease in any case, whether the external potassium is more or less than its normal concentration. In the present experiment, as stated in the previous section, the metabolic changes induced in the unstimulated tissue by removing the external potas sium were almost the same as those induced in the tissue with high external potassium in 21 mm; this result could be compatible with Hillman's observation; this fact also indicates that the metabolic changes induced in the tissue with the alteration of external potassium are not due to the proper effects of potassium itself, that is, it would be due to the sodium adsorption varied with the change of the membrane potential which was caused by the alteration of the external potassium. Next, in the tissues exposed to the medium contain ing 0.7 mM-K+ during the preincubation period, the metabolism and respiration induced in the unstimulated tissue after the beginning of the experiment appeared to increase a little, as compared with those of the tissue in the control experiment, while the responses to electrical stimulation were greatly depressed to an extent nearly comparable to the level in the tissue without external potassium. It was stated that, in giant axon, a dilu tion of sea water with isotonic dextros caused a large and reversible decrease in the amplitude of the action potential, but the resting potential was altered to such a small extent that no difference could be seen (21) ; thus, a statement, the same as this, could be made also from the point of view of metabolism in the present studies. However, in the tissues exposed to the normal medium during the preincubation, after which the tissues were transferred into the media containing 0.7 mm-K' at the beginning of the experiment, any metabolic changes, as compared with the metabolism in the control ex periment, were not induced, either in the presence or absence of electrical stimulation ; this result would be compatible with the observation that there was almost no change in membrane potential or action potential of squid axons in potassium-free medium com pared with that in normal sea water (21) ; then, both the above kinds of tissues were only different if the preincubation was held in the normal medium or in the potassium deficient medium; the respiratory 'and metabolic changes in both tissues respectively showed only a slight difference in the absence of stimulation but showed a great difference in the presence of electrical stimulation. However, it would be impossible to explain the great difference of responses to electrical stimulation in both tissues from the difference of membrane potential only, because both tissues must have been in the media low in potassium after the beginning of the experiment ; then, in the tissues exposed to the medium containing 0.7 mm-K' during the preincubation period, it could be supposed that the increase in metabolism dependent on the external sodium was induced, because of the decreases of the potassium content inside the cell and the membrane potential during the preincubation period ; under the circumstances, the excitability of the tissues could be considered to have been markedly reduced at the beginning of the experiment; accordingly, such tissues could scarcely respond to stimulation after the commencement of experiments, nor yet remain in almost the same state they existed before experiment. On the contrary, in the tissues exposed to the normal medium during the preincubation period, the tissue could sufficiently respond to electrical stimulation because the potassium content inside the cell does slowly diminish (39) ; this was helpful to protect the tissues from the reduction of excitability and the tissues continued to maintain metabolically an almost normal state. Thus, judging from the present result, the potassium state inside the cell seems to have an important bearing on the excitability, and the recovery process may be linked with the metabolism dependent on the external sodium. However, supposing from Hillman's observation noted above, the membrane potential of cerebral slices, either in medium lacking or low in potassium (0.7 mm), would be expected to diminish greatly or to fall near to zero. In the present experiment, the respiratory and metabolic changes in the unstimulated tissue exposed to the medium low in potassium during the preincubation differed only slightly from those in the unstimulated tissue ex posed to normal medium during the preincubation, and the latter unstimulated tissue showed almost no change in the respiration and metabolism, compared with those in the control experiment.
Therefore, this fact would suggest that the increase of metabolism dependent on the external sodium beyond the normal level is not caused until the mem brane depolarization proceeds to a certain extent. It could be concluded that when the increase of metabolism dependent on the external sodium has been caused beyond the normal levels in the absence of electrical stimulation, the tissue responses to electrical stimulation then are depressed to almost the same levels in the unstimulated tissues. For the uptake of K (41), or for the membrane depolarization due to potassium (52) , or for the production of potassium stimulation, or to maintain the rate of oxygen uptake of cerebral cortical slices, or for the maintenance of resting membrane potential, a minimum concentration of sodium in the medium was necessary. And this sodium seems unable to be replaced by any other ion (14, 26, 53) . In the present experiment, when the ex ternal K' ion concentration was changed to 7 mm, 21 mm or 50 mm, there was almost no change in the respiration and metabolism of the tissue in the absence of external sodium, either in the presence or in the absence of electrical stimulation, as compared with those of the tissue in NaCl-free medium ; that is, potassium alone seemed metabolically indifferent, when the external sodium was absent.
In potassium-rich media, it was found that the cerebral cortical tissues caused increased aerobic glycolysis, increased oxygen consumption and decreased anaerobic glycolsis, as reported by many workers (54). Gore et al. (19) showed that increase of K' ion from about 7 mm to 27 mm nearly doubled the respiration and glycolysis and also led to a fall in creatin phospate, but electrical impulses then produced no further significant change.
There are reports that the raise in external potassium increased the sodium efflux slightly or the sodium efflux remained constant at the external potassium concentration greater than about 10 mm in muscles or erythrocytes (39, 42) . Also, the increase in the external potassium (12-30 mm) did not affect the rate of renewal of tissue sodium of the isolated muscle fibers (55) . In this present experiment, when the external potassium was raised, the respiratory and metabolic levels of the unstimulated tissue rose in proportion to the increase in concentration, but the effect of electrical stimulation was inversely depressed.
Probably the metabolic increments of the unstimulated tissue in potassium-rich medium would not be due to the activity of the sodium pump, but to the result of an increase in sodium adsorption by depolarization due to the increase in potassium concentration in the outer fluid, and as in the medium with little or no potassium, such change in the unstimulated tissue seems to have reduced the effect of stimulation. In a medium with 15 mm or 21 mm KCI, the decrease in metabolic responses of the stimulated tissue was far greater than the extent of increase in the unstimulated tissue. This fact was seen similarly in the state of potassium-free or -deficient medium.
It has been reported that in squid axons, the decrease in resting potential accounted for less than half the decrease in action potential in a solution containing twice as much as the usual amount of potas sium, and a further increase in potassium concentration caused the spike to drop rapidly to zero, although there was still a substantial resting potential (21) . In the medium con taining 50 mm or 100 mm-potassium salt, the unstimulated tissue raised its respiratory and metabolic levels remarkably, and although, because of this, the effect of electrical stimulation could not be distinguished, it might be, probably, that the tissues did not respond to stimulation. As indicated in the preceding paragraph, from the observation of the results obtained in the present experiments, it is probably supposed that when the membrane depolariza tion due to external potassium was beyond a certain extent, the potassium which was in the adsorption site of the sodium in the usual state was dissociated from its site and the sodium adsorption to its site was taken place, which may have subsequently induced the metabolic effects.
Calcium : Removal of calcium raised markedly the levels of oxygen uptake, lactic acid and inorganic phosphate in the unstimulated tissue; the respective response to electrical stimulation also increased, but these increases appeared to be due to the addition of the metabolic and respiratory increments induced by a further removal of calcium from the NaCI-free medium to the metabolic effects of external sodium; the increase of inorganic phosphate alone, however, was unusually slight; calculating from these data, the effect of electrical stimulation was scarcely changed or slightly depressed, except for inorganic phosphate. It was often reported that the removal of calcium caused an increase in respiration of brain slices (56); Gore et al. (19) said that the removal of calcium from the medium increased respiration and glycolysis with no change in inorganic phosphate, and electrical stimulation caused a further rise in respiration. Such results of Gore et al. can be explained satisfactorily from the results of this experiment. Although stated in the preceding paragraph, the lowering below the normal level of tissue respiration in medium containing little or no sodium was not due to calcium influx, nor was it essen tially affected by the removal of calcium. Calcium has been called a stabilizer and was said to maintain the membrane permeability to cation in normal state; it is the only cation which specifically restored permeability when it was lost; as the effects of calcium increased with time and temperature of exposure to calcium, it was said that the effects were not a simple surface effect (43). Lolley's result (57) showed that the calcium and sodium contents of the incubated tissue were dependent on the concentration of calcium in the outer fluid, but even when the sodium content of the tissue increased due to stimulation, the calcium content of the tissue did not follow this increase but showed no change, or rather had a tendency to decrease. The existence of calcium transport has been evidenced (57, 58) and, in muscle and liver with medium low in sodium, it seems that calcium is taken up from the medium (58, 59) . Judah et al. (58) concluded, by ob serving the extrusion of calcium from the liver slices being greatly reduced by the low external sodium, that calcium transport was dependent upon a normal sodium transport and calcium competed with sodium for the transport site. Nerve axons could not survive for any length of time in calcium-free medium nor maintain its excitability (21) , and calcium was immediately necessary for the reaction to impulse (60); a very small of CaC12 injected into the squid axons caused the decrease of resting potential only after the spike had decreased first (61) . The absence of calcium caused refractory condition in squid axons, and in medium low in calcium, the squid axons were said to cause a change similar to depolarization of the system controlling Na and K permeability (62) . It has been reported that the absence of calcium caused delay in repolarization on incubating the cerebral cortical slices (14) . Then, in the present experiment, the responses to electrical stimulation were slightly depressed in addition of external calcium ; judging from the results of above observations, this fact would probably be due to the simple competition of sodium with calcium for sodium site, although the present data did not indicate it distinctly in the unstimulated tissue probably due to experimental error.
However, as stated above, the fact that the level of inorganic phosphate alone was especially low in calcium-free medium, was in a line with the results of Gore et al. (19) .
Judah et al. (58) said that the influx of calcium greatly reduced the turnover of ATP and of phosphoprotein, and this effect was reversed by the addition of sodium. In the results of the present experiment, the level of inorganic phosphate in the unstimulated tissue did not appreciably change when external calcium was doubled ; therefore, it seems difficult to explain the low level of inorganic phosphate in the absence of the external calcium, as the decrease in calcium extrusion or the intracellular shift; the respiratory and meta bolic increases induced in the tissue by removal of calcium took place in the absence of external sodium (although this origin and its mechanism are at present unknown); such an increase of inorganic phosphate formation induced by a further removal of calcium in the absence of external sodium was markedly depressed when sodium was added to the outer medium; the magnitude of this depression hardly changed when the medium contained 33% NaCl, or when contained normal concentration of NaCl; therefore, if a certain amount of sodium exists in the bathing fluid, it could be enough to cause this depression ; it seems that metabolic changes induced in the tissue in medium lacking in both sodium and calcium were brought about by being extruded from the site where calcium had occupied inside the cell or membrane; then, when a certain amount of sodium is added to the outer fluid, the sodium may simulate one of the roles of calcium in cal cium site instead of the calcium and, consequently seems to reduce the increase of inorganic phosphate. Nevertheless, in this case, sodium only substitutes one of the effects of calcium and this is probably independent from the respiratory and metabolic effects induced by the existence of external sodium in the present experiment.
The addition of calcium appeared to have almost no effect on the respiratory and metabolic levels in the unstimulated tissue, either in the presence or in the absence of external sodium, but the responses to electrical stimulation might be slightly depressed.
